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Small addi t ions of s i l i c o n  have considerable b e n e f i c i a l  e f f e c t  on 

performa.nce on s l i d e r  a l loys .  This e f f ec t  has usua.lly been a t t r i b u t e d  

t o  increased Wdhess .  The research reported w a s  conducted t o  consider 

a hypothesis that  the primary role of s i l i c o n  i n  sl ider a l loys  is one of 

supporting the forma'tion of pro tec t ive  surface f i l m s .  

F r i c t i o n  and wear data  were obtained a t  temperatures from 75' t o  

1000° F with a s e r i e s  of binary s i l i con-n icke l  a l loys  containing up t o  . 
10 percent  s i l i con .  

f i l m  ana lys i s  da t a  a r e  included. 

oxygen and argon, a mixture of hydrogen and nitrogen, and a halogenated / 

Per t inent  hot  hardness, meta l lurg ica l  and surface- 
I, 

4 

1 Atmospheres used were air, mixtures of 

methane gas lubr icant .  

The r e s u l t s  show t h e  r o l e  of s i l i c o n  as  a f i l m  former t o  be of 

g rea t  h p o r t a n c e  i n  success of s i l icon-containing a l l o y s  as s l i d e r  ma- 

t e r i a l s  f o r  extreme temperatures. The range of var iab les  s tud ied  gave 

f r i c t i o n  coe f f i c i en t s  from 0.05 t o  >10.00 depending on f i l m  formation 

tendencies.  Alloys with 5 percent or more s i l i c o n  having a duplex s t ruc -  

t u r e  showed the  b e s t  r e s u l t s .  Film formation r e s u l t e d  from surface re- 

ac t ions  or  t he  smearing of t h e  s o f t e r  phase from the a l loys  havin&$$q&@ 
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INTRODUCTION 

Extremely high temperatures (e.@;., 1000° F) must be an t ic ipa ted  f o r  

lubr ica ted  pas t s  i n  fu tu re  powerplants of aerodynamic and space vehicles .  

Many f a c t o r s  important i n  high-temperature lub r i ca t ion  requi re  c a r e f u l  

study including the in t e rac t ion  of the atmospheres, the  lubricants ,  and 

t h e  metals f o r  lubr ica t ion .  In  t h i s  paper primary consideration is  given 

t o  the  influence of one a l loy  const i tuent ,  s i l i con ,  on the  performance of 

metals f o r  l u b r  i c  at ion. 

Numerous instances a r e  reported i n  t h e  l i t e r a t u r e  where the presence 

of a small amount of s i l i c o n  i n  bearing metals has contr ibuted t o  suc- 

ces s fu l  operation. 

are not c lear .  It has usual ly  been suggested t h a t  s i l i c o n  addi t ions i m -  

prove bear ing a l loys  because of increased hardness ( r e f s .  1 and 2). 

Hardness alone i s  not t h e  answer, however, because hardness, per se ,  

gained by  o ther  methods w i l l  not give s imi l a r  benef i t s .  

ga tors  have ind ica ted  that surfaces  of bear ing a l loys  containing s i l i c o n  

show evidence of glazes ( r e f .  3). NASA experience with nickel- ,  and 

copper-, and iron-base a l loys  containing s i l i c o n  has a l s o  shown ( r e f s .  4 

and 5) the  importance of f i l m s  t h a t  could be glazes .  

it i s  d i f f i c u l t  t o  ass ign  respons ib i l i ty  f o r  a common observed phenomenon, 

such a s  glazing, t o  one of the many const i tuents .  

The reasons why s i l i c o n  addi t ions have been he lp fu l  

Various inves t i -  

I n  complex a l loys  

S i l i c o n  i n  metials reasonably can be expected t o  have a surface f i l m  

e f f ec t  t h a t  is out of proportion t o  i ts  concentration i n  the a l loy .  Ref- 

erence 6 ind ica t e s  t h a t ,  a s  surface f i l m s  of oxides are formed on metals, 

t h e  concentrat ion of the  refractory oxide such a s  Si02 may be four  times 

t h a t  represented by the  amount of metal ( s i l i c o n )  i n  the  composition of 
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t he  base al loy.  With highly al loyed compositions of s t e e l ,  the oxide 

l aye r s  adjacent  t o  the  metal may consis t  e n t i r e l y  of the  r e f r ac to ry  oxide. 

The common observation of surface g lazes  with a l loys  containing s i l -  

F i r s t ,  elemental s i l i c o n  i s  extremely icon may be explained by two f a c t s .  

r eac t ive  with oxidizers  and, i n  prac t ice ,  it is  perhaps more widely used 

a s  an oxygen ' 'getter ' '  i n  a l loys  than f o r  any other  s ing le  purpose. 

SiOz is  one of t h e  most common and e f f ec t ive  v i t r i f i c a t i o n  agents f o r  

g l a s s  (ref. 7 ) .  

Second, 

The glazes  formed on s l i d e r  surfaces  are amorphous f i l m s  t h a t  a r e  

probably of e u t e c t i c  compositions. Since low melting point  i s  usual ly  

assoc ia ted  w i t h  low shear s t rength  (ref.  8 ) ,  it i s  l i k e l y  t h a t  sur face  

shearc,occurs i n  the  glaze f i l m  r a t h e r  than i n  the metals or i n  the sub- 

s t r a t e  oxides. This condi t ion i s  conducive t o  low wear. By broadening 

the  temperature range f o r  softening, of surface glazes  a v i t r i f i c a t i o n  

agent can cont r ibu te  t o  low f r i c t i o n .  Thus, viscous shear may be obtained 

i n  the  sur face  l aye r  over a subs t an t i a l  range of experimental l ub r i ca t ion  

conditions.  

The objec t ive  of t h i s  research was t o  c l a r i f y  experimentally the  

r o l e  of s i l i c o n  i n  slider a l loys  by evaluating the  importance of the f i l m  

formation concept described previously. The experiments were s impl i f ied  

by using spec ia l ly  cas t  binary s i l i con -n icke l  a l loys  w i t h  va r i ed  amounts 

of s i l i c o n  up t o  10 percent.  Nickel a l loys  a re  of p a r t i c u l a r  i n t e r e s t  

because they can be used i n  extreme temperature lub r i ca t ion  with gases 

such a s  CF2Br2 ( r e f .  9 ) .  To evaluate t h e  r o l e  of surface r eac t ion  f i l m s ,  

da ta  were obtained i n  a reducing gas, i n  gases containing va r i ed  amounts 
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of oxygen, and i n  a halogen-substi tuted methane. 

were obtained with a 3/16-inch-radius hemisphere s l i d i n g  on the  f l a t  sur- 

face  of a r o t a t i n g  disk; t h e  load was 1200 grams, ambient temperatures 

were from 75' t o  1000° F, and the  s l i d ing  ve loc i ty  was 120 f e e t  per minute. 

F r i c t i o n  and wear data  

MATERIALIS 

The f r i c t i o n  and wear t e s t  specimens used i n  t h i s  inves t iga t ion  were 

Inconel-X (70 N i ,  15 C r ,  5-9 Fe, plus t r a c e s  of S i ,  C ,  Mn, S, A l ,  C b . )  

L-nickel (99.4 N i  with espec ia l ly  low carbon) and four  s i l i con-n icke l  a l -  

loys of various s i l i c o n  contents:  

and 10.0 percent. 

mater ia l .  

Research Center by the  addi t ion of  the necessary percent of s i l i c o n  t o  3- 

pound hea ts  of L-nickel. The L-nickel was held a t  a temperature of 2750' F 

and t h e  s i l i c o n  was added. The molten al loy was then cent r i fuga l ly  cas$ i n  

molds a t  a temperature of 1600' F. 

t o  room temperature. 

Since t h e  a l loy  preparation was not accomplished i n  a vacuum furnace it i s  

an t i c ipa t ed  t h a t  a small port ion of the s i l i c o n  oxidized t o  form s i l i c o n  

dioxide (Si02) and ex i s t ed  i n  the  s t ruc ture  as such. 

s t a b l e  under a l l  t he  conditions of these experiments including t h e  reducing 

2.5, percent,  5.0 percent,  7.5 percent,  

I n  a l l  experiments t he  disk and r i d e r  were of the  same 

The binary s i l i con-n icke l  a l loys  were prepared a t  the  L e w i s  

The a l loy  w a s  then cooled i n  the  mold 

The same procedure w a s  followed f o r  a l l  compositions. 

The Si02 would be 

atmosphere. 

would be needed t o  reduce the  SiOz. 

I n  the  reducing atmosphere a temperature i n  excess of 2000u F 

The phase diagram for t he  s i l i con-n icke l  system ( r e f .  10) ind ica tes  

t h a t  two phases e x i s t  within the  range of 0 t o  10 percent s i l i c o n .  

f i rs t  or 

e x i s t s  i n  a l loys  from 0 t o  5 percent s i l i c o n .  

The 

a-phase i s  e s sen t i a l ly  a so l id  so lu t ion  of s i l i c o n  i n  nickel  and 

From 5 t o  approximately 12 
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percent s i l i c o n ,  a new phase is  formed a t  t h e  gra in  boundaries. 

ond o r  P-phase is  the  compound NigSi (see f i g s .  2 ( a )  t o  (d) , r e f ,  10). 

The 7 .5  percent s i l i con-n icke l  ( f i g .  2 ( c ) )  had cored (var iab le  s o l i d  solu-  

This sec- 

t i o n )  a reas  a s  indicated.  

holding the  a l loy  a t  so lu t ion  temperature f o r  a prolonged period; however, 

These areas could have been reduced i n  s i z e  by 

it i s  doubtful  t h a t  they could be eliminated completely. A commercial 

grade 7.5-percent-sil icon nicke1,had cored areas  and a meta l lurg ica l  s t ruc -  

t u r e  almost i d e n t i c a l  t o  t he  a l loy  prepared at Lewis Research Center. 

Hardness da ta  f o r  t he  metals used i n  t h i s  study are  presented i n  t a b l e  

I. I n  addi t ion,  t o  the standard Rockwell hardness, Knoop microhardness, 

and hot hardness data  were obtained, The Knoop microhardness indentat ions 

f o r  t he  2.5 percent,  5.0 percent,  7.5 percent,  and 10 percent s i l i c o n -  

n icke l  a r e  shown i n  the  photomicrographs of f igu res  l ( a )  through (d ) ,  The 

hot  hardness data  were obtained with a modified Rockwell s u p e r f i c i a l  hard- 

ness t e s t e r  a t  temperatures of 600' and 1000° F. The method f o r  hot hard- 

ness t e s t i n g  was adapted from t h a t  of reference 10. 

The gases used i n  t h i s  inves t iga t ion  were: a i r ,  7 percent oxygen i n  

93  percent argon, 40 percent oxygen i n  60 percent argon ( 7  percent hydrogen 

( H z )  i n  93 percent nitrogen (N2)  (forming gas ) ,  and dibromodifluoromethane 

(CF2Br 2 )  . 
- 

APPARATUS 

The apparatus used i n  t h i s  inves t iga t ion  i s  described i n  d e t a i l  i n  

re ference  9 and is  shown schematically i n  f i g u r e  2 .  The bas ic  elements of 

t h e  apparatus cons i s t  of a r o t a t i n g  d isk  specimen (Zz-in. diam.) and a 

hemispherically t ipped rider specimen (3/16-in. rad.) . 
1 
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The r i d e r  specimen is  s ta t ionary  and i n  s l i d i n g  contact with the  

r o t a t i n g  d isk  specimen. The disk was r o t a t e d  by means of an e l e c t r i c  

motor through a va r i ab le  speed transmission. 

r i d e r  specimen by means of a dead weight system. 

w a s  measured d i r e c t l y  by means of four s t r a i n  gages mounted on a copper- 

berylliurndynamometer r'ing. 

corded on a s t r i p  char t  potentiometer. 

volume w a s  ca lcu la ted  from t h e  measured diameter of t he  wear a rea  on 

t h e  rider specimen. 

Loads were applied t o  the  

The f r i c t i o n a l  force 

The f r i c t i o n a l  force  w a s  continuously r e -  

After t h e  experiment, the  wear 

The gases were introduced i n t o  a 2 - l i t e r  Inconel t e s t  chamber which 

enclosed the  disk and rider specimen. The t e s t  chamber w a s  heated by 

means of s t r i p  hea te r s  mounted on the outer  w a l l s  and concentric r i n g  

hea te r s  i n  the  chamber' base.-  , The temperature w a s  measured by an 

Inconel-sheathed Chromel-Alumel thermocouple loca ted  along the  s ide  of 

t h e  d i sk  specimen. 0 The temperatures were var ied  from 75' t o  1000 F. 

PROCEDURE 

The r i d e r  and d i sk  specimens were f i n i s h  ground t o  2 t o  4 micro- 

inches. 

preparatory treatment,  which consisted of t he  following: (1) a thorough 

r i n s i n g  with acetone t o  remove o i l  and grease from t h e  surface,  ( 2 )  

po l i sh ing  with moist l ev iga ted  alumina and a s o f t  pol ishing cloth,  (3) 

t h e  specimens were thoroughly r insed  i n  t ap  water followed by d i s t i l l e d  

water, and (4)  the  specimens were r insed with absolute  e thy l  alcohol and 

f i n a l l y  with C.P. acetone t o  remove any t r a c e  of water. 

P r io r  t o  experiments the r ide r  and disk were given t h e  same 
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The d e t a i l s  on the  system of t r ans fe r  of gases t o  the t e s t  chamber 

a re  presented i n  reference 9. 

per iod p r i o r  t o  s t a r t i n g  the  run. 

t he  purge were the  same as  those employed i n  the run. 

of t he  purge the  run-in procedure w a s  i n i t i a t e d .  

The t e s t  chamber was purged fo r  a 15-minute 

The gas-flow r a t e s  and mixtures used i n  

A t  t h e  completion 

The run i n  was s t a r t e d  with an i n i t i a l  surface speed of 55 f e e t  per 

minute and incremental loads of 200, 400, and 600 grams appl ied i n  1- 

minute in t e rva l s .  

minutes a t  t he  end of which t i m e  the surface speed was increased t o  120  

f e e t  per  minute. This speed w a s  maintained f o r  t he  durat ion of the  60- 

minute run. 

A 1200-gram load was then appl ied f o r  a per iod of 2 

The run- in  procedure w a s  found necessary a s  a r e s u l t  of some previous 

work with lub r i ca t ing  gases, which showed t h a t  if the  run w a s  s t a r t e d  with 

high load  and speed, surface f a i l u r e  of the  specimens was ap t  to occur. 

The inadequate lub r i ca t ion  wasL a t t r i b u t e d  t o  the  lack of s u f f i c i e n t  time 

f o r  t h e  formation of a r eac t ion  fi lm. 

speed and incremental loading, formed an adequate reac t ion  f i l m ,  which 

markedly reduced t h e  i n i t i a l  high f r i c t i o n  and wear. 

Careful run i n  employing reduced 

RESULTS AND DISCUSSION 

References 1 and 2 ,  as wel l  a s  other sources, have suggested t h a t  

s i l i c o n  i s  important i n  s l i d e r  a l loys because it increases hardness. 

nickel-base mater ia l s  of approximately equal hardness were run i n  order 

t o  l e a r n  if other  f a c t o r s  were a l so  important. Inconel-X _ _  contains  only 

t r a c e  amounts of s i l i c o n  and is  of hardness equivalent t o  7.5 percent 

s i l i c o n - n i c k e l  ( t a b l e  I). Resul ts  obtained i n  experimental runs at 75 

t o  1000° F with these  two a l loys  a re  presented i n  f igu re  3. 

Two 

The f r i c t i o n  
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coe f f i c i en t  f o r  t he  7.5 percent s i l icon-nickel  (0.5) was much l e s s  than 

f o r  t he  Inconel-X (0.8) over t he  e n t i r e  temperature range; t h e  wear was 

one-third of t h a t  f o r  Inconel-X. The d i f fe rences  i n  f r i c t i o n  and wear of 

the  two-nickel-base a l loys  w a s  caused by some f a c t o r  o ther  than hardness 

such a s  f i l m  formation proper t ies .  

A f u r t h e r  examination of the  influence of s i l i c o n  w a s  made w i t h  a 

2.5 percent s i l i con -n icke l  a l loy .  A 2 .5  percent s i l i con -n icke l  w a s  used 

because it was a s ing le  phase a l loy  and thus could be compared w i t h  L- 

n icke l  and Inconel-X. F r i c t i o n  and wear experiments were conducted w i t h  

t he  a l loy  i n  a i r  and i n  a reducing atmosphere a t  75 , 600°, and 1000 F. 

The r e s u l t s  a r e  presented i n  f igu re  4. I n  a i r ,  t he  coe f f i c i en t  of f r i c -  

t i o n  f o r  the  2.5 percent s i l i con-n icke l  decreased w i t h  increasing tem- 

pera tures .  Increasing temperatures a l so  decreased the  hot  hardness 

( t a b l e  I) and probably decreased the  shear s t rength  of t h e  metal. Fr ic -  

t i o n  fundamentals would suggest t h a t  t h e  influence of decreasing hot 

hardness alone would be t o  increase the f r i c t i o n  coe f f i c i en t  (f = S/H, 

r e f .  8 ) .  The inf luence of decreasing hardness combined w i t h  decreasing 

shear s t r eng th  m i g h t  be t o  give e s sen t i a l ly  constant f r i c t i o n  coe f f i c i en t  

with increasing temperatures. Neither r e s u l t  w a s  observed. The observed 

behavior showed dezrease i n  f r i c t i o n  and wear with increasing temperature, 

g r e a t e r  f r i c t i o n  i n  a reducing atmosphere than i n  a i r ,  and extreme d i f -  

ferences i n  wear (two orders  of magnitude) i n  a i r  and i n  the reducing 

atmosphere a t  1000° F. 

surface reac t ion . f i lms .  A r eac t ion  f i l m  can give a reduction i n  the shear 

term t h a t  would be proport ional ly  greater  than the  reduct ion i n  hardness 

with increasing temperatures. 

0 0 

These observations emphasize the importance of 
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A comparison of data  obtained i n  a i r  and a reducing atmosphere ind i -  

ca t e s  g rea t e r  f r i c t i o n  and wear f o r  2 .5  percent s i l i con-n icke l  i n  forming 

gas where sur face  f i l m  formation w a s  not possible .  A s  mentioned e a r l i e r ,  

r e s i d u a l  SiOz formed during cas t ing  was probably present and could have a 

b e n e f i c i a l  influence i n  the  reducing atmosphere. X-ray d i f f r a c t i o n  analy- 

s is  of t he  wear debr i s  from the  2-5  percent s i l i con-n icke l  run i n  a i r  a t  

1000° F indica ted  the  composition of the debr i s  t o  be e s sen t i a l ly  s i l i c o n  

dioxide (Si02) and meta l l ic  nickel;  a l loys  with more s i l i c o n  had wear de- 

bris that gave d i f fuse  pa t t e rns  indicat ing amorphous mater ia l .  

Room temperature data.  - Efriction and wear data  were obtained i n  v a r i -  

ous gas atmospheres for  s i l i con-n icke l  a l loys  containing from 0 t o  10 per- 

cent s i l i c o n .  The f r i c t i o n  resul ts  are presented i n  f igure  5. The f r i c -  

t i o n  coe f f i c i en t  f o r  L-nickel i n  a reducing atmosphere was extremely high 

(>10.0). 

damage t o  the  apparatus. 

The specimens se ized  and the run had t o  be stopped t o  prevent 

The additions of s i l i c o n  i n  the  n icke l  a l l o y s  r e -  

s u l t e d  i n  s ign i f i can t  reduct ion i n  f r i c t i o n  coef f ic ien t  even i n  t h e  absence 

of oxygen. The presence of r e s idua l  SiOz i n  t h e  a l loys  could have i n -  

f luenced the  r e s u l t .  

I n  experiments conducted i n  oxygen-containing atmospheres (air ,  40 

percent  02  i n  argon, and 7 percent 02 i r _  argon) the  f r i c t i o n  coef f ic ien t  de- 

creased with increasing percentage of s i l i c o n .  Varying the  oxygen content 

of the  atmosphere from 7 t o  40 percent had very l i t t l e  influence on the  r e -  

s u l t s  obtained. 

The gas CF2Br2 has a b o i l i n g  point of 76' F and i n  the f r i c t i o n  experi-  

ments a t  room temperature the  gas condensed on the  t e s t  specimens, r e s u l t i n g  

i n  e s s e n t i a l l y  boundary lub r i ca t ion  by l iqu id .  

room temperature therefore  did not r e f l e c t  the  influence of s i l i c o n .  

The f r i c t i o n  coe f f i c i en t  a t  

Much 
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lower f r i c t i o n  and wear were obtained i n  CFZBr2 than i n  any of the  other  

atmospheres. 

The wear of the  rider specimen was extremely high f o r  L-nickel i n  

a l l  atmospheres ( f i g .  6 ) .  

decreased. 

constant with no s ign i f i can t  differecce regardless  of atmosphere. 

As  t he  percentage of s i l i c o n  increased the  wear 

With s i l i c o n  content above 5 percent,  the  wear w a s  r e l a t i v e l y  

600' F Data. - E'riction and wear were data  obtained i n  various gas 

atmospheres f o r  s i l i con-n icke l  a l loys a t  600' F. 

coe f f i c i en t  a t  600' F ( f i g .  7 )  was lower f o r  a l l  atmospneres and s i l i c o n  

percentages than the values obtsined a t  room temperature. 

i n  a i r  and forming gas were s imi la r .  

range of good boundary lubr ica t ion .  

In  general, t he  f r i c t i o n  

Resul ts  obtained 

The f r i c t i o n  coef f ic ien ts  were i n  the  

Wear a t  600' F ( f i g .  8) was lcwer than a t  room temperature f o r  t he  2.5 

percent s i l i c o n  nickel .  

s i l icon-containing a l loys  as  wel l  as f o r  the  L-cickel.  

With CFZRr2 gas, wear w a s  extzemely low f o r  a l l  

10003 F Data. - In  general ,  a t  10@Oo F the  f r i c t i o n  decreased with in-  

c reas ing  percentage of s i l i c o n  i n  b o t h  r e h c i n g  arid oyii.',izir,g atmospheres 

( f ig .  9 ) .  An inmease  i n  s i l i c o n  content from 2.5 percent t o  5 .C percent 

resul ts  ic a marked decrease i n  f r i c t i o n  (1.3 t o  3.6).  This decrease can 

be r e l a t e d  t o  t k ~  zh2nge ir! d l o y  s t ructure ,  frcm a s ing le  phase ti3 a duplex 

s t ruc tu re .  

pos i t i ons  and equivalent t o  e f fec t ive  bomdary l ab r i ca t ion .  

"lie f r i c t i o n  w a s  very low (f" = G.1) with CF23r2 fcr all com- 

The wear r e s u l t s  ( f ig .  10) ind i ra te  t h a t  even r e l a t i v e l y  small addi-  

t i o n s  of s i l i c o n  t o  n icke l  markedly reduce the wear i r l  an oxygen-containing 

atmosphere a t  1000° E'. The 2.5 percent s i l i coc -n izke l  had near ly  the  same 
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hardness a s  L-nickel a t  1000‘ F. The w a r  of L-nickel w a s  so ca tas t rophic  

a s  t o  prevent reasonable wear measurement; it was, however, many times 

t h a t  measured for 2.5 percent s i l i con-n icke l .  The wear with the  5.0, 7.5, 

and 10 percent s i l i con-n icke l  a l loys  was ins ign i f i can t  compared with t h a t  

obtained with L-nickel and 2.5 percent s i l i c o n  n ieke l  i n  tke  reducing a t -  

mosphere a t  1300° E’. 

The s ign i f i can t  reduction i n  w e a s  observed with kigher s i l i c o n -  

containing a l loys  i s  due t o  the  duplex s t r u c t u r e  of t h e  a l loys .  TLe duplex 

s t r u c t u r e  cons i s t s  e s s e n t i a l l y  of t w o  a l loy  phases, m e  t h8 t  i s  r e l a t i v e l y  

s o f t  ( t h e  a phase) aqd one t h a t  i s  r e l a t i v e l y  hard ( the  p phase). The 

s o f t e r  phase appears t o  he smeared over the  harder ( f i g .  12(53)), T1.e wear 

da ta  obtained i n  CF’ZBrz was lower fcr a11 a l loys  coritair-ir,g s i l icor? ,  as well  

as  f o r  L-cickel,  than t h a t  obtained i n  any other  atmosphere. Tke low wear 

r a t e  was due t o  the  e f fec t ivecess  i2f  t h e  ha l ides  formed a s  boundary 

lub r i can t s .  

Discussion of mechanism. - The concept (refs. 1 ard 2)  t h a t  increased 

hardness,  accounts f o r  the good friction and wear proper t ies  of s i l i c o n -  

containing a l loys  is  not BdTquate t c  explaix: tke r e s u l t s  reported herein.  

The d a t a  ohtained with Irconel-X an3 7.5 percent s i l i con-n icke l  shculd be 

noted espcciall;!, 

percent  s i l i con-n icke l  gave nuc5 lower f r i c t i o n  and wear thar- t3e hconel-X 

a t  a l l  temperatures invest igatc4.  Further, m t a  obtained with L-nickel and 

2.5 percent  s i l i con -n icke l  i n  a i r  a t  lGOOo F, where both mater ia ls  possess 

Alt’rt7ugh t k  t w c  mater ia i s  I L i a .  s i v i l a r  ::srdness the  7.5 

t h e  same hardness, i n l i c a t e d  marked d i f f e recces  i n  f r i c t i o n  and wear. 

u res  10 and 11 show t h a t  t ke  wear was subs t an t i a l ly  lower f o r  t he  2.5 per- 

Fig- 

cent  s i l i con -n icke l  than f o r  L,-nickel. 
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The improved f r i c t i o n  and wear proper t ies  of a l loys  containing s i l i -  

con may be a t t r i b u t e d  t o  t h e  s t rong  a f f i n i t y  of s i l i c o n  f o r  oxidants a t  

high temperatures. 

of such compounds a s  s i l i c o n  dioxide (SiOz) or s i l i c o n  tetrabromide (SiBr4). 

A compound such as Si02 may combine with the  low metal oxides or func t ion  

alone i n  forming a surface glaze. The surface glaze serves t o  reduce f r i c -  

t i o n  and wear. This e f f e c t  is indicated i n  f i g u r e  12(a) where p r e f e r e n t i a l  

oxide formation bu i lds  up i n  the  s i l i con - r i ch  a reas  of t he  gra in  boundaries. 

No s imi l a r  surface w a s  observed with specimens run  i n  forming gas ( f i g .  12(b)). 

The oxidation of s i l i c o n  can r e su l t  i n  the  formation 

I n  a halogen containing atmosphere, a somewhat s imi l a r  r e s u l t  was ob- 

tained. 

t h e  s i l i c o n  of t h e  a l loy  was e s s e n t i a l l y  s i l i c o n  tetrabromide. 

f e r e n t i a l  r eac t ion  of t h e  bromine with t h e  s i l i c o n - r i c h  areas is  ind ica ted  

i n  f i g u r e  l Z ( c ) .  

With t h e  bromine containing gas, CFzBrz, t he  reac t ion  product with 

The pre- 

This e f f e c t  w a s  not observed i n  the  forming gas atmosphere. 

The mechanism be l ieved  responsible f o r  t h e  r e l a t i v e l y  low f r i c t i o n  and 

wear va lues  obtained with 5.0 percent, 7.5 percent,  and 10 percent s i l i c o n  

n i cke l  i n  forming gas was dependent upon t h e  duplex s t ruc tu re  of t hese  a l l o y s .  

The mechanism here i s  physical r a the r  than  chemical, a s  pos tu la ted  i n  t h e  

in t roduct ion .  The r e l a t i v e l y  s o f t  a phase ( s i l i con -n icke l  s o l i d  so lu t ion )  

is  smeared across the  h u d e r  

f r i c t i o n  and wear. 

done a t  NASA with cemented carbides, where the  s o f t e r  binder ma te r i a l  w a s  

smeared over t h e  hard carbide surface. This same mechanism might wel l  func- 

t i o n  i n  o ther  atmospheres where the  r e a c t i o n  of s i l i c o n  is  i n s u f f i c i e n t  t o  

provide a surface glaze.  It mus t  be noted, however, t h a t  under conditions 

p phase (Ni3Si) r e s u l t i n g  i n  r e l a t i v e l y  low 

This same mechanism has been observed i n  unreported work 
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where it remains a s t a b l e  compound the r e s i d u a l  Si02 formed i n  cas t ing  

may be important t o  the  s l i d e r  behavior. 

SUMMARY OF REmTS 

A study w a s  made of the  e f f e c t  various’percentages of s i l i c o n  addi- 

t i o n s  had on the  f r i c t i o n  and wear proper t ies  of nickel .  

were conducted i n  various gas atmospheres at temperatures up t o  1000 F. 

The following observations were made: 

Experiments 

0 

1. Surface reac t ion  f i l m s  formed i n  oxidizing atmospheres (contain- 

ing  oxygen o r  bromine) a re  formed more r ead i ly  with n icke l  a l loys  con- 

t a i n i n g  s i l i c o n .  Formation of react ion f i l m s  i s  accelerated by elevated 

temperatures. These surface f i l m s  serve t o  reduce f r i c t i o n  and wear. 

2. A soft-phase surface flow mechanism w a s  observed. This mechanism 

w a s  of predominant importance i n  a reducing atmosphere. Nickel-s i l icon 

a l loys  containing 5 t o  10 percent s i l i c o n  have a duplex s t ruc ture ;  during 

s l i d i n g ,  surface flow of t he  s o f t e r  

t h e  harder 

a-phase (Si-Ni s o l i d  so lu t ion)  over 

Prphase (NigSi) provides a pro tec t ive  surface f i l m .  
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FIGURF: TITLES 

Fig, 1. - Diagram of f r i c t i o n  apparatus. 

Fig. 2. - Photomicrographs (250 X)  of s i l i con-n icke l  a l loys .  

Fig. 3. - Fr ic t ion  and weas of 2.5 percent s i l i con -n icke l  on 2.5 percent 
s i l i con-n icke l  i n  air  and a reducing gas.  

Fig, 4,  - Fr ic t ion  and wear of 7.5 percent s i l i con- i  

Fig. 5. - Coeff ic ient  of f r i c t i o n  fo r  s i l i con-n icke l  a l loys  i n  vasious 
gases a t  room temperature. 

Fig. 6. - Wear of s i l i con -n icke l  alloys i n  various gases at room 
temperature. 

Fig. 7. - Coeff ic ient  of f r i c t i o n  f o r  s i l i con -n icke l  a l loys  i n  various 
gases a t  600' F. 

0 Fig, 8. - Wear of s i l i con -n icke l  a l l o y s  i n  var ious gases a t  600 F. 

Fig. 9. - Coeff ic ient  of f r i c t i o n  f o r  s i l i con -n icke l  a l loys  i n  vasious 
gases at 1000~  F. 

0 
Fig. 10. - Wear of s i l i con-n icke l  a l loys i n  vasious gases a t  1000 F. 

Fig. 11. - Photomicrographs (15 X) of t he  wear on L-nickel and 2.5 per- 
cent s i l i con-n icke l  r i d e r  specimens. 

Fig. 12. - Photomicrbgraphs (15 X)  of wear t r acks  on 10 percent s i l i con -  
n i cke l  d i sk  specimen run  i n  various gases at 1000° F. 



TABLE 1, - HARDNESS DATA 

Alloy 
composition 

L -Nicke 1 

2.5 Percent 
s i l i c o n -  
nickel  

5.0 Percent 
s i l i c o n -  
n icke l  

7.5 Percent 
s i l i c o n -  
n icke l  

10.0 Percent 
s i l i c o n -  
n icke l  

Inc one 1 -X 

Area 

Normal 
surface 

Wear track 

Normal 
surface 

Wear track 

Normal 
surf ace 

a-phase" 
p - pha seb 

Normal 
surface 

a-phase" 

Cored are€ 

Normal 
surface 

a-phase" 
P-phaseb 

Normal 
su r f  ace 

P-phase b 

~~ 

Standard 
Rockwe 11 

Room 
tempera - 

t u r e  

%45-65 
/ 4  

w9 

Rg 84 

Rc30 

Rc41 

RC29 

Knoop microhardness 

Room temperature 

,Xnopp 
sca le  

t 

KHN 138 

KHN 138 
KHN 265 

KHN 360 
K" 677 
KHN 215 

KHN 384 
K" 677 

Conversion 
t o  Rockwell 

a. 

bp-phase - Ni3Si compound. 
a-phase - represents  s o l i d  solut ion of s i l i c o n  i n  nickel  

Rockwell s u p e r f i c i a l  hardness 

Room 
tempera- 

t u r e  -' 

RB61 

Rg68 

Rg63 

E068 

RB84 

RC30 

Rc41 av. 
(31-81) 

RC29 

600' F 

RB9 

RB8 

Rg33 

R C 3 0  

Rc41 av. 
(21-61) 

Rc27 

1000° F 
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(C) CF2Br2 
F i g u r e  12. - Concluded. 
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